In most mammals, embryonic development and growth proceed in the maternal uterus. Mouse late blastocyst embryos implant on the uterine epithelium around embryonic day (E)4.5, and immediately afterward the whole embryo's shape is dynamically changed from a bowl-like shape to an elongated egg-cylinder until E5.5. Concurrently, mouse anterior-posterior (A-P) axis polarization occurs by the emergence of distal visceral endoderm (DVE) cells at the cellular and molecular levels as the proximal-distal (P-D) axis. The embryonic growth and axis polarization are considered to be controlled primarily by multiple growth factors' signaling. However, the precise cellular mechanisms of DVE formation in which this signaling is involved have been unclear. We recently identified that local breaching of the basement membrane (BM) between the epiblast and the visceral endoderm (VE) at the distal tip allows inner epiblast cells to transmigrate into the outer VE layer as the emergence of DVE cells. More importantly, the local BM loss in the distal region appears to be triggered by mechanical forces exerted from maternal tissues on embryos and embryonic growth itself. Our data suggest a fascinating hypothesis concerning mouse A-P axis polarization mediated by the whole embryo's shape change through mechanical stress between the embryo and the uterine epithelium. Our mechanical model provides a unique insight into why the first axis polarity of the implanted mouse embryo is established in the P-D direction initially and not in the future A-P direction. We also discuss whether the local breaching of the BM mediated by mechanical cues is essential to mouse A-P axis polarization in in vitro culture.
Introduction
Over the past several decades, technological advances in the investigation of whole genome sequences and transcriptome and proteome studies have allowed us to unveil the molecular and cellular mechanisms of complex morphogenesis. However, the large quantities of information obtained by these studies seem insufficient to describe the entire picture regarding the mechanisms that underlie embryonic development. Given that living tissues clearly possess not only biochemical properties such as genes and enzymes but also physical properties such as mechanical stress, size, shape and stiffness, a clarification of the physical aspects of embryogenesis could give us new perspectives on morphogenetic processes.
Recent studies using physical measurements have begun to reveal that complex biological processes such as three-dimensional tissue morphogenesis and organogenesis are controlled by mechanical properties of cells and tissues. For example, the cell fate specification of mesenchymal stem cells appears to depend on the stiffness of the extracellular matrix (Engler et al., 2006) . Mechanical tension among neighboring cells mediates the tissue boundary formation (Landsberg et al., 2009) . Pulsed physical forces together with a decrease in cell volume direct the tissue movement during dorsal closure (Martin et al., 2009; Solon et al., 2009; Saias et al., 2015) . However, the question of which physical properties control mammalian morphogenetic processes remains to be answered.
Mammals (except for the monotremata) have a unique characteristic in that their embryos develop and grow in the maternal uterus. During the embryo's growth, the developing embryonic morphology cannot be observed directly. It is also generally difficult to recapitulate the embryonic development of a common mammal such as the mouse exo utero for longer than one day. This difficulty has impeded the elucidation of mammalian embryonic development.
It is apparent that the uterine environment plays some crucial roles in embryonic development and growth. A study from over 50 years ago demonstrated by means of embryo transfer experiments that the number of lumbar vertebrae is affected by the mother's genetic background but not the embryo's genetic background (McLaren and Michie, 1958) . Since then, however, the issues regarding how and what the uterine environment contributes to embryonic development have not been well investigated.
Although the relationship between the orientation of implantation and the future definitive axes of the embryos has been studied (Smith, 1985; Mesnard et al., 2004; Rossant and Tam, 2004) , there is little information about how the uterine environment is involved in the establishment of the embryo's anterior-posterior (A-P) axis. Notably, the spatial constraints at the implantation site by the uterine environment and the mechanical interactions between the embryo and the deciduous membrane have not been investigated. We observed that mechanical forces exerted from the uterine epithelium on the implanted embryos led to a change in shape from a bowl-like blastocyst to an elongated egg cylinder; at the same time, the basement membrane (BM) between the epiblast/extraembryonic ectoderm (ExE) and the visceral endoderm (VE) is locally breached at the distal tip of the embryo, and consequently the initial A-P axis is established along with the proximal-distal (P-D) direction of the embryo. Here we provide our current perspectives on mechanical cues in the axis polarization of implanted mouse embryos.
2. The change in the whole embryo's shape from bowl-like to an elongated egg cylinder is closely correlated with A-P axis polarization When mouse embryos, called late blastocysts, implant on the uterine epithelium around embryonic day (E)4.5, several early cell lineages are already specified (Fig. 1) . Initially, blastomeres are segregated into the outer trophophectoderm (TE) and inner cell mass (ICM) by the early blastocyst stage, i.e., at E3.5. By the late blastocyst stage at E4.5, the ICM is further segregated into the epiblast and primitive endoderm. Thereafter, the primitive endoderm gives rise to two extraembryonic endoderm layers, i.e., the parietal endoderm which spreads out on the mural TE, and the visceral endoderm (VE) which covers the epiblast and the ExE, a derivative of the polar TE (Fig. 1) .
The A-P axis is established approximately 1 day after implantation at E5.5 prior to mesoderm formation, which is called primitive streak formation in amniotes ( Fig. 1 ; Beddington and Robertson, 1999 ). This polarization is initially evident by the emergence of a unique population of distal visceral endoderm (DVE) cells marked by Hex, Cer1, and Lefty1 expressions at the distal tip of the egg cylinder, generating the A-P axis along with the P-D orientation (Thomas et al., 1998; Shawlot et al., 2000; Yamamoto et al., 2004; Torres-Padilla et al., 2007) . Thereafter, this P-D axis is converted to the A-P direction by the migration of DVE cells proximally to the prospective anterior side by E6.0 ( Fig. 1 ; Thomas and Beddington, 1996; Thomas et al., 1998; Srinivas et al., 2004) . These DVE cells are thought to specify the anterior character by preventing posteriorizing signals such as Bmp, Wnt and Nodal, and to indirectly facilitate forebrain development (Thomas and Beddington, 1996; Kimura et al., 2000; Perea-Gomez et al., 2002; Kimura-Yoshida et al., 2005) .
One of most prominent morphological changes of the mouse embryo immediately after implantation is that the shape of the whole embryo changes from a bowl-like structure to a longitudinally elongated egg-cylinder ( Fig. 2A) . Mesnard et al. (2006) reported that only embryos longer than 180 μm longitudinally appeared to express Cer1. This finding suggests the possibility that the shape-change, i.e., the elongation of the embryo along with the P-D orientation, might be crucial to the emergence of DVE cells.
To delineate the shape change from the bowl-like shape to an eggcylinder more quantitatively, we measured the size of mouse embryos from E5.0 to E5.5 before and after the DVE formation ( Fig. 2 ; Hiramatsu et al., 2013) . As expected, the transversal length showed little change (from 84.3 to 93.5 μm on average), whereas the conceptus length increased to approx. 1.8 times longer (from 118.9 to 209.4 μm on average) during the course of the shape change (Hiramatsu et al., 2013) . In the same study, to determine whether the spatial restriction mediated by the uterine environment at the implantation site reflects the shape change of the entire embryo, we measured the transversal length of the yolk sac cavity surrounding the embryo. Predictably, the transversal length of the yolk sac cavity and those of the embryo appeared to converge at 90-100 μm (Hiramatsu et al., 2013) .
These histological observations led us consider the hypothesis that the yolk sac cavity comprised of the maternal tissues and parietal endoderm may restrict the growth of the embryo along with the transversal axis so that the bowl-like shape of the embryo can transform into the elongated egg-cylinder shape by DVE formation at E5.5.
To determine whether the embryonic shape-change is correlated with the DVE formation, we engineered a polydimethylsiloxane (PDMS) cavity device resembling the yolk sac cavity size, and we modified the whole-embryo shape by inserting the embryo into the PDMS cavity device (Fig. 2B ). As the whole embryo's shape can be modified from the bowl-like shape to the elongated egg-cylinder shape by spatial restriction, DVE markers are efficiently expressed ( Fig. 2B ; Hiramatsu et al., 2013) . Further quantitative measurements of the ratios of the conceptus versus transversal lengths for embryos suggest that two-fold elongation of the conceptus length seemed to be necessary for the emergence of DVE markers in the 8-h cultured embryos (Hiramatsu et al., 2013) .
Mechanical forces trigger a transmigration of epiblast cells into the VE layer beyond the BM barrier
The deposition of the BM between the epiblast and the VE is locally and temporally changed during DVE formation (Hiramatsu et al., 2013; Fig. 3A) . Before the DVE formation at E5.0, collagen IV protein is heavily deposited in the BM between the epiblast/ExE and VE layers. At the subsequent E5.5 when the DVE cells emerge, the collagen IV deposition is locally thinned at the distal tip. This local reduction of BM deposition is consistently observed with other extracellular matrix molecules, such as heparin sulfate proteoglycans and nidogen (Shimokawa et al., 2011; R.H. and I.M., unpubl. observation) .
Consistent with the alteration of the endogenous BM deposition, we observed that after the culture without spatial constraints, collagen IV appeared to be deposited heavily throughout the BM but not to be thinned even at the distal tip in the bowl-shaped embryo. Conversely, in egg cylinder-shaped embryos after a spatially restricted culture, collagen IV was heavily deposited in the proximal BM but thinned in the distal BM. These results indicate that the elongated shape allows the embryo to thin out the BM deposition between the epiblast and the VE in the distal region locally.
How is the local reduction of the BM deposition involved in DVE formation? Given that the heavily deposited BM architecture is thought to prevent cell movement as a physical barrier in general (Seano and Primo, 2015) , the behaviors of DVE cells should be analyzed more precisely. We observed that a few epiblast cells transmigrated and contributed to DVE cells at E5.5 (Hiramatsu et al., 2013; Fig. 3B) . This unexpected finding is in very good agreement with our previous morphological observation; the DVE cells showed a more columnar morphology and contained a large oval nucleus and prominent nucleoli, which is characteristic of epiblast cells, whereas other typical VE cells have a simple cuboidal epithelium containing large vacuoles and a small flat nucleus (Kimura et al., 2000) . The elongation of the whole embryo's shape from E5.0 to E5.5 is correlated with DVE formation. (A) During normal development in utero, the whole embryo's shape is a bowl-like structure at E5.0; it becomes an elongated egg-cylinder structure by E5.5. The average ratio of the conceptus versus the transversal lengths increases from 1.41 to 2.23 during development.
(B) With the spatial constraint of a 90-μm cavity in the polydimethylsiloxane (PDMS) device for an 8-h culture, the whole embryo's shape is elongated and the average ratio of conceptus lengths divided by transversal lengths becomes 2.15. Consequently, the DVE are formed in these elongated embryos. In contrast, without the spatial constraint of 180-μm cavity for an 8-h culture, the whole embryo's shape remains a bowl-like structure, and the average ratio of the conceptus versus the transversal lengths does not increase, at 1.34. Consequently, DVE formation is not observed in the bowl-shaped embryos.
The transmigration of epiblast cells to the VE layer may not continue after the DVE formation. The number of transmigrated epiblast cells was one to four at E5.5 (3.2 ± 0.84 cells, n = 5) (Hiramatsu et al., 2013) . At E6.5, the number of transmigrated cells was approximately four (4.2 ± 1.48 cells, n = 5). Thus, the total number of transmigrated cells is unlikely to increase between E5.5 and E6.5. These findings support the idea that the transmigration of epiblast cells into the VE layer is confined during DVE formation.
Consistent with our findings, transmigratory behaviors of epiblast cells into the VE layer in cultured mouse embryos were also recently reported (Bedzhov et al., 2015) . Their and our studies provided evidence that a certain number of VE cells are derived from epiblast cells and have developmental origins that are distinct from those of other primitive endoderm-derived VE cells. Since a local BM breach in the distal portion allows epiblast cells to transmigrate into the VE layer, it is logical that a transient and local BM breach appears to coincide with the onset of the transmigration of epiblast cells in time and space.
Since we suspect that the BM between the epiblast and the VE might function as a physical barrier against transmigration, we speculate that before E4.75, when the clear boundary of the BM marked by collagen IV is still not formed (Hiramatsu et al., 2013) , the transmigration of epiblast cells into the primitive endoderm layer might take place readily without sufficient mechanical cues. However, after E5.0, when the collagen IV expression is heavily deposited at the BM (Hiramatsu et al., 2013; Fig. 3A) , stronger mechanical cues will be necessary to enable the transmigration of epiblast cells to get over the physical barrier.
To investigate whether external mechanical cues can breach the BM directly, we engineered deformed cavity devices that contained an additional cavity in the form of a bend at the end (Fig. 4A-F) or an opening to the lateral side slightly above the end (Fig. 4A-F) . After the 8-h culture within these deformed PDMS cavities, the embryo had elongated along the cavity shape and the BM was apparently breached toward the direction of the opened cavities aberrantly but not toward the original distal side (Fig. 4A-F) . Moreover, when the distal surface of embryos was depressed by an atomic force microscopy (AFM) cantilever at approximately 50 nN for 10 min, the BM was breached and the epiblast cells protruded toward the VE layer at the lateral sides of the depressed location (Hiramatsu et al., 2013) .
These results indicate that mechanical stress can affect the local BM distribution directly. Thus, it is highly possible that mechanical cues from the appropriate growth of embryos and external constraints contributed by the uterine environment regulate the local breach of the BM and the transmigration of epiblast cells directly into the VE layer.
We hypothesize three possible mechanisms for DVE formation in the distal portion of the egg cylinder. First, we speculate that external mechanical forces contributed by an embryo-extrinsic environment can direct the selective elongation of embryos along the P-D direction and consequently give rise to an egg-cylinder shape from a bowl-like shape (Fig. 5A ). This elongation can increase the mechanical stress acting on the distal region away from the proximal and lateral regions where the ExE and ectoplacental cone (proximally) and maternal tissues (laterally) are occupied while the distal direction is opened. Therefore, the BM at the distal portion might tend to breach and the cell migration from the epiblast to the VE will be promoted (Fig. 5A) .
Second, the bending moment is theoretically consistent with the localized BM breaches at the distal portion (Fig. 5B) . Given that the BM is simply a curved plate structure, the maximum bending stress is exerted at the center of the plate, namely at the distal tip. In addition, the bending stress is increased in a manner that is inversely proportional to the radius of the curvature of the embryo, so that the stress exerted on the elongated egg-cylinder embryo is much stronger than that on the bowl-shaped embryo. Thus, the bending stress will apply maximally at the distal tip in the elongated embryo (Fig. 5B) . These mechanical aspects may provide a rational reason why the external mechanical cues rather than specific molecular pathways can give rise to the localized BM breaches at the distal tip and the consequent transmigration of epiblast cells into the VE layer.
Third, the balance of the production of extracellular matrix proteins and the expansion of the basal side of the epiblast may determine the deposition and thinning of the BM (Fig. 6A) . BM proteins are mostly synthesized in extraembryonic regions including the parietal endoderm and ectoplacental cone, located in the most proximal region. These BM components are then secreted into the extracellular BM space, and they spread out toward the distal tip. It seems likely that the BM tends to become thinned out if the epiblast region is enlarged at E5.5 (Fig. 6A) .
Considering that BM proteins are produced in the most proximal region, the BM deposition is much thinner in the distal tip than in the proximal side (Fig.6A) . Therefore, at the distal tip, the BM will be breached and thereby, epiblast cells will be transmigrated into the VE layer. In addition, when the BM was decreased by the collagenase treatment in cultured embryos, DVE cells appeared to be able to form in the more proximal side ectopically and broadly outside of the distal tip 
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Collagen IV Cer1-GFP E-cadherin +merged (Hiramatsu et al., 2013; Fig. 6B ). Taking the above-described findings together, we suggest the following mechanism: when the deposition of the BM protein is lower than a certain threshold, the BM will be breached and the DVE can be formed (Fig. 6 ).
Growth factor signaling pathways may regulate the mouse A-P axis polarization in conjunction with mechanical cues
Several specific growth factor signaling pathways have been shown to be crucial players for the A-P axis formation. TGF-β/Smad2 signaling, Bmp signaling and Wnt/β-catenin signaling are required for DVE formation (Huelsken et al., 2000; Brennan et al., 2001; Chazaud and Rossant, 2006; Mesnard et al., 2006; Costello et al., 2009; Yamamoto et al., 2009 ). These lines of molecular evidence obtained primarily by genetic studies have provided the prevailing models of mouse A-P axis polarization (reviewed by Arnold and Robertson, 2009; Rossant and Tam, 2009 ). However, it is not yet known why the first axis polarity of the implanted mouse embryo would be established in the P-D direction and not in the future A-P direction; i.e., when and how these small numbers of cells express DVE markers in the distal tip.
We suspect that some of these signaling pathways may be essential to control embryonic growth (i.e., embryonic size). Based on our model, if the embryo size is smaller due to the genetic mutations of signaling molecules, the external mechanical forces exerted on mutant embryos will be weaker than those of the wild-type embryo. Consequently, the DVE cells will not emerge or their emergence will be delayed. Therefore, many mutant embryos displaying growth retardation are unable to form a DVE.
Consistent with this hypothesis, the DVE was not formed and the BM was heavily deposited in Smad4 mutant embryos (Costello et al., 2009 ; Fig. 6C ). Moreover, Cripto mutant cannot induce DVE cells at E5.5 but can do so later, at E6.75 (Chu and Shen, 2010) , supporting our hypothesis that sufficient embryonic growth can induce DVE formation, as discussed above. To evaluate how mechanical cues interact with embryonic growth mediated by signaling for the local BM breach more directly, embryos were cultured together with the administration of SB431542, a chemical inhibitor of activin receptor-like kinase receptor-dependent signaling, i.e., TGF-β signaling (Fig. 4G-J' ). When these embryos were inserted into 90-μm device cavities, the size of which is similar to that of normal yolk sac cavities, the embryonic shape was not elongated and remained the bowl-like shape because of the reduction of embryonic growth by the inhibitor (Fig. 4G-J') . Concurrently, the BM was heavily deposited throughout the distal portion, and moreover, epiblast cells were not transmigrated into the VE layer in these embryos. However, when the embryos were inserted into a much smaller 70-μm device cavity, despite the embryonic growth retardation, the whole embryo's shape could become elongated. Thereby, the collagen IV deposition was thinned in the distal region, and epiblast cells were able to transmigrate into the VE layer.
These findings demonstrate that although sufficient embryonic growth mediated by TGF-β signaling is necessary for both the BM breach and the transmigration of epiblast cells, further increases in the external spatial constraints can compensate for insufficient embryonic growth via TGF-β signaling. Therefore, although TGF-β signaling has been shown to be required for correct DVE formation (Brennan et al., 2001; Yamamoto et al., 2004; Mesnard et al., 2006) , the local reduction of the BM through mechanical cues may not depend directly on TGF-β signaling. This supports the primary and direct role of mechanical cues in the formation of the DVE through the BM breach and the transmigration of epiblast cells.
Mouse mutations that disturb the development of the ExE such as Bmp4 and Apc mutations and the surgical ablation of the ExE have been shown to result in an up-regulation or down-regulation of the expression of DVE markers (Rodriguez et al., 2005; Chazaud and Rossant, 2006; Richardson et al., 2006; Soares et al., 2008) . Based on our current model, assuming that a loss or reduction of the ExE region is likely to change the distribution of the BM between the epiblast/ExE and the VE, the expression of DVE markers will thereby be altered. Besides the BM localization, the growth of the ExE itself may act as an important mechanical factor and geometrical shape for the elongated shape of the egg cylinder, i.e., by turning the epiblast growth toward the distal but not proximal direction and by reducing the bending moment at the distal tip as discussed above (Fig. 5A,B) .
DVE formation may involve not only the transmigration of epiblast cells but also non-cell autonomous mechanisms such as growth factor signaling. The transmigration of epiblast cells appears to occur not only in the distal region but also in the proximal region of embryos at a lower frequency (Hiramatsu et al., 2013; Bedzhov et al., 2015) . However, these ectopically transmigrated epiblast cells in the proximal region appear to express Cer1-GFP transgene for a brief moment but not endogenous Cer1 mRNA (R.H. & I.M., unpubl. observations). This suggests the possibility that epiblast-derived transmigrated cells will express DVE markers when these epiblast cells can invade in the distal region but not in the proximal region within the VE layer.
Notably, DVE markers are found in the primitive endoderm-derived VE cells in addition to epiblast-derived VE cells. Indeed, the number of transmigrated DVE cells did not account for all the AVE cells; AVE cells are composed of not only the epiblast-derived cells but also typical primitive endoderm-derived VE cells. This finding suggests that typical primitive endoderm-derived VE cells are able to turn into AVE cells through diffusible or cell-surface factors in a non-cell autonomous fashion. Therefore, both local growth factor signaling and mechanical cues from maternal tissues exerted on the embryos play important roles in the formation of the A-P axis.
Are mechanical cues essential to mouse A-P axis polarization?
Over the past 40 years, several researchers have developed in vitro culture methods for the blastocyst up to the egg-cylinder stage (Solter et al., 1974; Wiley and Pedersen, 1977; Gonda and Hsu, 1980; Copp, 1981; Morris et al., 2012) . The capability of egg-cylinder morphogenesis in vitro might suggest that external mechanical stress is not necessary for A-P axis formation in the mouse embryo. We suspect that instead, under these culture conditions, the embryo is mostly attached and is struck to plastic plate substrates at the trophoblast-derived tissues, including the ectoplacental cone and extraembryonic ectoderm (Gonda and Hsu, 1980; Copp, 1981; Morris et al., 2012; Bedzhov et al., 2014; . Thus, given that the extraembryonic region is strictly and completely stuck to dish substrates, in addition to the direction toward the dish side, circumferential lateral sides are also mechanically constrained due to the dish attachment. Consequently, the distal direction of the embryo is less constrained than the lateral and proximal directions, and therefore the embryos will grow up relatively toward the In the wild-type E5.5 embryo, BM proteins are decreased largely in proportion to the conceptus length from the proximal to distal end of the embryo, because BM proteins are exclusively produced in the proximal end at E5.5. When the conceptus length increases to longer than approx. 180 μm, the BM deposition is sufficiently decreased to form the DVE. When the embryo is cultured with the mechanical constraints of a 90 μm-cavity for 8 h, the BM distribution seems to be similar to that of the wild-type embryo, as depicted. (B) When the embryos are cultured with collagenase, the BM deposition is dramatically reduced irrespective of the embryo size, so that the DVE can be formed broadly and ectopically compared to the wild-type embryo. This situation may be similar to the cultured embryos in which the Reichert's membrane and the ectoplacental cones are removed. (C) When the embryos are cultured without mechanical constraints, such as in a 180-μm PDMS device for 8 h, the deposition of BM proteins is not sufficiently reduced to form the DVE. This situation may be similar to the distribution of the BM in the Smad4-deficient embryo (Costello et al., 2009 ) and SU431542-administered embryo. (D) When the embryos are cultured without mechanical constraints for an additional 24 h, the BM deposition may be sufficiently reduced to form the DVE due to the expansion of the embryo size. In utero, the epiblast elongates along the P-D direction due to the mechanical constraints of maternal tissues. Accordingly, the BM deposition is thinned in the distal tip. (B) The epiblast elongates the P-D direction due to the restriction of the narrow cavity of the PDMS device. Similar to the in utero condition, the BM deposition is thinned in the distal tip. (C) The epiblast elongates along the P-D direction mainly and the lateral direction partly in the cultured embryo attached to the dish substrate. Thus, the BM deposition may be thinned in the distal tip. (D) The epiblast elongates along the P-D and lateral directions in the floating cultured embryos for a prolonged period of time. Since the embryonic size of the prolonged cultured embryos is larger than those of the 8-h culture, the BM deposition may be widely thinned throughout distal portions. In addition, removal of Reichert's membrane together with parietal endoderm and trophoblast giant cells and ectoplacental cone may reduce the deposition of BM in these explants. Arrows indicates the direction of epiblast expansion. distal direction from proximal orientation and will be able to form DVE cells (Fig.7C) . Consistent with this notion, the attachment of blastocysts to a plastic dish appears to be crucial to the proper formation of the egg cylinder (Solter et al., 1974; Wiley and Pedersen, 1977; Copp, 1981; Morris et al., 2012) , and mechanical constraints may be necessary for egg-cylinder morphogenesis in vitro, as discussed by Copp (1979) . If the A-P axis formation under the attached culture conditions is contributed to by mechanical cues between plastic dish substrates and the embryo, it will be necessary to determine how and what mechanical cues are exerted on the attached culture embryo, both theoretically and experimentally in depth.
After a 24-h culture of E5.0 embryos and blastocysts, Cer1 and Lefty1 reporter transgenes were detected under hanging drop culture conditions in which no explicit external mechanical cues appeared to be present (Takaoka et al., 2006; Bedzhov et al., 2015) . In contrast, mRNA expressions of DVE markers including Cer1 and Lefty1 were not detected after an 8-h culture of E5.0 embryos by our microarray and wholemount in situ hybridization analyses (Hiramatsu et al., 2013) . We speculate that this discrepancy may result from differences in the duration of the culture periods, the explanted tissue region of the cultured embryo, and the methods of expression studies.
The different duration of the culture periods is apparently proportional to the size of the embryos; the embryos appeared to become longer than 300 μm after a 24-h culture, whereas those after an 8-h culture were approx. 200-μm-long, comparable to the approx. 200-μm length of wild-type E5.5 embryos (Hiramatsu et al., 2013; Bedzhov et al., 2015) . If the total quantity of BM proteins cannot be up-regulated in proportion to the embryonic size, the enlargement of embryonic size due to longer culture duration might result in further thinning of the BM (Figs. 6D,  7D ). Additionally, since collagen IV, a major extracellular matrix molecule, is specifically produced in the parietal endoderm and ectoplacental cone at E5.0 to E5.5, further removal of these tissues from the embryo in the in vitro culture will reduce the total amount of the BM proteins. It may thus be reasonable that the BM deposition of in vitro floating cultured embryos will be much thinner than that of the wild-type embryos, in which the Reichert's membrane and ectoplacental cone remain (Figs.  6D, 7D ).
Taking these findings together, we suspect that the enlargement of embryonic size due to the longer culture and the removal of sources producing the BM, i.e. the Reichert's membrane and ectoplacental cone, allow the BM to be widely thinned and breached without sufficient mechanical cues, and consequently DVE cells might be able to emerge (Fig. 6D,7D) . Thus, in light of all of the evidence described here, we propose that mechanical cues might be necessary to recapitulate the mouse A-P axis polarization, in the correct developmental time course and normal layers organization.
Future direction
Mechanical studies on mammalian embryos have just begun (Imuta et al., 2014) , and they can be expected to reveal important roles of mechanical properties not only in axis polarization but also in cell fate specification, cell movement and organogenesis. Complex questions remain regarding how mechanical cues interact with biochemicals, genes, molecules and cells to control cell fate specification. For example, the question of exactly when transmigrated epiblast cells start to express DVE markers remains. Moreover, how the BM breach and transmigration of epiblast cells are involved in molecular pathways of DVE formation. To address these important questions, the further integration of physical techniques, simulation approaches, in vitro time-lapse imaging and molecular biological analyses is necessary. Advances in mechanical studies may unveil hidden causes of human miscarriage and congenital abnormalities, and they may provide new methods for the ex utero culture of mammalian embryos for longer periods and the in vitro reconstruction of organogenesis in future.
